The balance of matrix metalloproteinases (MMPs) and tissue inhibitors of matrix metalloproteinases (TIMPs) determines the integrity of the extracellular matrix. TIMP3 is the most highly expressed tissue inhibitor of metalloproteinase (TIMP) in the kidney, but its function in renal disease is incompletely understood. In this study, TIMP3 Ϫ/Ϫ mice demonstrated an age-dependent chronic tubulointerstitial fibrosis. After unilateral ureteral obstruction (UUO), young TIMP3 Ϫ/Ϫ mice exhibited increased renal injury (tubular atrophy, cortical and medullary thinning, and vascular damage) compared with wild-type mice. In addition, TIMP3 Ϫ/Ϫ mice had greater interstitial fibrosis; increased synthesis and deposition of type I collagen; increased activation of fibroblasts; enhanced apoptosis; and greater activation of MMP2, but not MMP9, after UUO. TIMP3 deficiency also led to accelerated processing of TNF␣, demonstrated by significantly higher TACE activity and greater soluble TNF␣ levels by 3 d after UUO. The additional deletion of TNF␣ markedly reduced inflammation, apoptosis, and induction of a number of MMPs. Moreover, inhibition of MMPs in TIMP3 Ϫ/Ϫ /TNF␣ Ϫ/Ϫ mice further abrogated postobstructive injury and prevented tubulointerestitial fibrosis. In humans, TIMP3 expression increased in the renal arteries and proximal tubules of subjects with diabetic nephropathy or chronic allograft nephropathy. Taken together, these results provide evidence that TIMP3 is an important mediator of kidney injury, and regulating its activity may have therapeutic benefit for patients with kidney disease.
Renal interstitial fibrosis is a progressive and potentially lethal disease caused by diverse clinical entities including urinary tract obstruction, chronic inflammation and allograft injury, chemotherapy-induced renal injury, proteinuria, and diabetes mellitus. [1] [2] [3] Acute unilateral ureteral obstruction due to renal stones is a frequent event affecting 5% to 15% of the population worldwide. 4 During obstruction, functional and biochemical alterations occur in the kidney, with partial chronic obstruction leading to chronic renal insufficiency, whereas an immediate onset of acute obstruction can result in acute renal failure. Increased tubulointerstitial fibrosis is a common feature of kidney injury and results from accumulation of extracellular matrix (ECM) structural proteins and is maintained by a continuous remodeling through the proteolytic action of matrix metalloproteinases (MMPs) and synthesis of new proteins. Matrix metalloproteinases are inhibited by tissue inhibitors of matrix metalloproteinases (TIMPs); therefore, a balance in the function of TIMPs and MMPs determines the ECM integrity. Among the four members of the TIMP family, TIMP3 is unique in that it is ECM bound; is the most highly expressed TIMP in the kidney; 5 and has a very broad protease inhibition profile that extends to members of the ADAM (a disintegrin and metalloproteinase domain) and ADAM-TS families, proteases that control the bioactivity of many growth factors and cytokines. 6 -8 Loss of TIMP3 in mice leads to pulmonary alveolar enlargement, 9 enhanced susceptibility to cardiomyopathy, 10 and hepatic injury. 11 In this study, we examined the role of TIMP3 in agedependent kidney disease as well as in response to an experimental model of renal injury. We used a well established model of tubulointerstitial injury, unilateral ureteral obstruction (UUO), [12] [13] [14] and characterized the mechanism of renal injury progression in mice lacking TIMP3 (TIMP3 Ϫ/Ϫ ) compared with wild-type (WT) control mice. Here we demonstrate that early activation of the TNF␣ signaling pathway in the absence of TIMP3 is accompanied by enhanced MMP activation, apoptosis, and neutrophil infiltration, which collectively contribute to the accelerated and severe tubulointerstitial injury. We further confirm the key role of TNF␣ and MMPs by demonstrating that TIMP3 Ϫ/Ϫ /TNF␣ Ϫ/Ϫ mice exhibit attenuated tubulointerstitial injury, while inhibition of the residual MMP activities in these mice markedly resolved the interstitial nephritis at 2 wk post-UUO. In human biopsies, we have found that TIMP3 levels are up-regulated in patients with diabetes and chronic allograph nephropathy. These results provide strong evidence for a dynamic and important role of TIMP3 in kidney disease.
RESULTS

Loss of TIMP3 Is Associated with Age-Dependent Renal Fibrosis and Tubulointerstitial Injury
MMPs and their physiologic inhibitors (TIMPs) play significant roles in renal morphogenesis 15 and tubulointerstitial injury. 16, 17 TIMP3 is the most highly expressed TIMP in the kidney, 5 thus we examined the role of TIMP3 in the development and progression of renal disease. Light microscopy examination of PAS and Masson Trichrome-stained longitudinal mouse kidney sections from 2-yr-old male TIMP3-deficient mice showed small but significant chronic glomerular and tubulointerstitial abnormalities compared with sections from age-matched WT mice. Specifically, increased interstitial fibrosis and tubular atrophy with shrunken glomerular tufts and collapsed segmental tufts were found in 2-yr-old TIMP3 Ϫ/Ϫ mice but not in age-matched WT mice ( Figure 1A ). These areas correspond to a strong staining for collagen I, the main component of fibrotic lesions, and ␣-smooth muscle actin (␣-SMA), marker of activated fibroblasts which are the main source of collagen production ( Figure 1A ). Western blotting for TIMP3 in the cortex and medulla of old (2-yr-old) compared with young (12-wk-old) WT kidneys shows a significant age-dependent reduction in TIMP3 levels primarily in the medulla ( Figure 1B ). This age-dependent tubulointerstitial injury in TIMP3 Ϫ/Ϫ mice occurs despite comparable systemic BP (determined by tail-cuff measurements, 138.3 Ϯ 11.2 mmHg in TIMP3 Ϫ/Ϫ versus 132.5 Ϯ 12.9 mmHg in WT, n ϭ 5), similar serum creatinine levels (92.9 Ϯ 13.1 M in TIMP3 Ϫ/Ϫ versus 87.5 Ϯ 10.2 M in WT, n ϭ 5), and no proteinuria in either genotype at 2 yr of age ( Figure 1C) .
Given the age-dependent morphologic alterations in TIMP3
Ϫ/Ϫ mice, we investigated whether TIMP3 deficiency affects susceptibility of young mice to renal injury. We subjected 10-to 12-wk-old mice of either genotype to unilateral ureteral obstruction (UUO), a validated model of tubulointerstitial injury. 12, 14, 18 We found that in WT mice, at 1 d post-UUO, TIMP3 protein and mRNA levels show a small but significant increase, followed by a significant reduction at 3 d of UUO in the medulla, whereas the reduction in the cortex does not reach statistical significance until 14 d post-UUO ( Figure 2A ). The initial increase in TIMP3 levels could suggest a possible protective role for TIMP3 during the early stages of disease followed by disruption in its synthesis in the later stages of disease, which will further promote renal injury. Interestingly, UUO-induced renal injury was strikingly exacerbated in TIMP3 Ϫ/Ϫ mice, as demonstrated by tubular atrophy and widespread cortical and medullary thinning, most markedly in the deep cortex and medulla ( Figure 2B ). In contrast, WT kidneys showed mild interstitial fibrosis, with only mild cortical and medullar thinning and tubular atrophy at 2 wk post-UUO. Ipsilateral kidney-to-body weight ratio and medulla-tocortex thickness ratio are significantly reduced in TIMP3 Ϫ/Ϫ -UUO compared with WT-UUO kidneys ( Figure 2B ). These data demonstrate that TIMP3 deficiency exacerbates renal injury in response to UUO.
TIMP3 Deficiency Results in Adverse Extracellular Matrix (ECM) Remodeling and Interstitial Fibrosis After UUO
Integrity of the ECM is essential for optimal functioning of any organ and is maintained by a balance in the functions of matrix metalloproteinases (MMPs) that degrade ECM components, and their inhibitors, TIMPs. We used Picrosirius red (PSR) staining and confocal microscopy to visualize the fibrillar collagen component of the ECM structure in the kidneys. We found that at 3 d post-UUO there is no significant difference in the extent of fibrosis between the two genotypes, but by 2 wks post-UUO, TIMP3
Ϫ/Ϫ kidneys exhibit a strikingly greater peritubular interstitial fibrosis ( Figure 3A) . Consistent with this finding, staining for collagen type I, the main structural component of the renal ECM, shows markedly stronger staining in TIMP3
Ϫ/Ϫ -UUO kidneys in the interstitial tubules compared with the WT group ( Figure 3B ). We further confirmed the enhanced production of collagen type I by TaqMan realtime PCR, which demonstrates a significantly higher induction of collagen synthesis in TIMP3 Ϫ/Ϫ -UUO compared with WT-UUO kidneys ( Figure 3B ). Collagen is produced primarily by fibroblasts that express ␣-smooth muscle actin (␣SMA) in association with a phenotypic transformation to the myofibroblast state. 2, 18 Immunostaining for ␣SMA reveals an abundance of fibroblasts in the fibrotic regions of TIMP3 Ϫ/Ϫ -UUO kidneys coupled with enhanced synthesis of ␣SMA mRNA ( Figure 3C ), suggesting enhanced migration and/or amplification of the fibroblasts in the TIMP3-deficient kidneys. Figure 4A ). TaqMan expression analysis confirms increased production of MMP9 in the TIMP3
Ϫ/Ϫ -UUO kidneys ( Figure 4B ). The urokinase plasminogen activator (UPA) mediates activation of MMP9 from the 92 kD to the 86 kD cleaved form, while its inhibitor, plasminogen activator inhibitor (PAI), inhibits this process. UPA and PAI have been shown to be important mediators of kidney injury. 14, 21 TaqMan mRNA analysis shows similar expression of UPA and PAI in both genotypes post-UUO ( Figure 4B ), which may account, at least in part, for the increase in pro-MMP9 but not cleaved MMP9 levels. Other factors, including other MMPs, may play an important role in the activation of pro-MMP9. Cell-surface activation of MMP2 is brought about by formation of a trimolecular complex involving membrane-bound MMP (MT1-MMP), TIMP2, and pro-MMP2. Through a two-step proteolytic cleavage, pro-MMP2 (68 kD) is converted to the 62-kD active MMP2. 22 Although the increase in MMP2 mRNA production did not reach statistical significance compared with WT-UUO, the marked increase in MT1-MMP in TIMP3 Ϫ/Ϫ -UUO ( Figure 4B ) could explain the strong 62-kD active MMP2 band in these kidneys. TIMP2 levels are increased similarly between the two genotypes; however, TIMP1 levels are significantly higher in the WT compared with TIMP3 Ϫ/Ϫ kidneys at 2 wk post-UUO ( Figure 4C ). Hence, the increased MMP2 activation in TIMP3-deficient mice is driven by loss of TIMP3, while the lower TIMP1 levels in the late-stage UUO in TIMP3 Ϫ/Ϫ kidneys could further contribute to increased overall MMP activity and disease severity in these mice.
We then sought to determine the signaling pathway(s) underlying the exacerbated renal injury in TIMP3 Ϫ/Ϫ kidneys. We examined the activation of the MAPKs, which have been shown to be involved in cellular events such as apoptosis, cell BASIC RESEARCH www.jasn.org amplification, and survival in different tissues and disease models. For instance, activation of the JNK pathway is generally linked to triggered apoptosis, 23, 24 , whereas extracellular activated kinase (ERK) activation has been associated with cell survival and amplification. 25 Western blot analysis shows that the phospho-to-total ratio of c-Jun activated kinase (JNK)1/2 is increased at 3 d post-UUO in both genotypes, but continues to rise in the TIMP3 Ϫ/Ϫ group to a significantly higher level than the WT group at 2 wk post-UUO ( Figure 5A ). Although there was an increase in phosphorylation of ERK1/2 in TIMP3 Ϫ/Ϫ -UUO kidneys, the phospho-to-total ratio for ERK1/2 and p38 were comparable between genotypes ( Figure 5A ). Given the MAPK activation profile and the reported antiapoptotic role of TIMP3, 26 we examined whether TIMP3-deficient kidneys exhibit an altered apoptotic response after UUO. TUNEL staining revealed a significantly larger population of apoptotic cells in the TIMP3
Ϫ/Ϫ kidneys within 3 d of UUO, which increase further by 2 wk ( Figure 5B ). Consistently, cleavage of caspase 3, a molecular marker for apoptosis, was enhanced in TIMP3
Ϫ/Ϫ kidneys, as evident from the higher levels of cleaved-to-total caspase 3 ratio at 3 d and 2 wks post-UUO (Figure 5C ). These data suggest that TIMP3 deficiency accelerates apoptosis in response to tubulointerstitial injury.
TNF␣ Is a Key Player in the Enhanced Tubulointerstitial Injury in TIMP3-Deficient Mice
TIMP3 is the only physiologic inhibitor of TNF␣-converting enzyme (TACE), the enzyme responsible for shedding of membrane-bound TNF␣. 27 Loss of TIMP3 can amplify TACE-mediated processing of membrane-bound TNF␣ into its soluble form, 10, 11, 28 which then can stimulate its receptors, TNFR1/p55 and TNFR2/p75, triggering various tissue responses including apoptosis, which has been shown to result in increased tubulointerstitial injury. 29 -34 We found significantly higher TACE activity at 3 d post-UUO in TIMP3 Ϫ/Ϫ kidneys ( Figure 6A ), which closely corresponds to markedly greater levels of soluble TNF␣ (17 kD) in TIMP3 Ϫ/Ϫ compared with WT kidneys post-UUO, whereas TNF␣ mRNA levels increased similarly in both genotypes (Figure 6B) . As a marker of TNF␣ pathway activation, we examined nuclear translocation of NFB and found a significantly higher nuclear-to-cytosolic ratio of NFB in TIMP3 Ϫ/Ϫ at 3 d post-UUO ( Figure 6C ). To verify purity of our subcellular protein extraction, we blotted for histone as a marker of nuclear protein fraction, and tubulin as a marker of cytosolic fraction. To further demonstrate that increased TNF␣ levels can trigger cell death associated with activation of the JNK pathway, we treated cultured human renal proximal tubule epithelial cells with human recombinant TNF to demonstrate that elevated Ϫ/Ϫ mice show exacerbated renal injury after UUO, as shown by severe tubular atrophy, and cortical and medullary thinning compared with WT kidneys at 2 wk post-UUO. Ipsilateral kidney-to-body weight ratio (Ipsi KW/BW) and medulla-tocortex thickness ratio are significantly reduced in TIMP3 Ϫ/Ϫ -UUO compared with WT-UUO kidneys (n ϭ 6 per group). *P Ͻ 0.05 compared with corresponding sham-operated group; ‡P Ͻ 0.05 compared with corresponding WT group. AU, arbitrary units.
TNF␣ levels lead to early activation of the JNK pathway and trigger cell death as measured by cleaved caspase 3 (Supplemental Figures A and B) . The increased activation of the TNF␣ pathway at the very early stage of disease suggests a key role for TNF␣ in mediating the severe tubulointerstitial injury in TIMP3-deficient mice.
To determine the causal role of TNF␣ in this disease process, we generated double-knock-out mice lacking both TIMP3 and TNF␣ (TIMP3 Ϫ/Ϫ /TNF␣ Ϫ/Ϫ ) and subjected them to UUO. Additional deletion of TNF␣ in TIMP3 Ϫ/Ϫ mice significantly attenuated the tubulointerestitial renal injury as TIMP3 Ϫ/Ϫ / TNF␣ Ϫ/Ϫ mice exhibit a mild cortical and medullary thinning, and non-necrotic papillae post-UUO compared with TIMP3
Ϫ/Ϫ -UUO mice ( Figure  7A ). In addition, marked vascular changes seen in the TIMP3 Ϫ/Ϫ -UUO mice, such as diffuse arterial mural necrosis with focally associated luminal thrombi, were drastically improved in the TIMP3
Ϫ/Ϫ /TNF␣ Ϫ/Ϫ mice, with only minimal changes noted, and without necrotizing lesions or thrombi (Figure 7B) . Consistent with the proapoptotic and proinflammatory role of TNF␣ and the marked morphologic improvements seen in the double mutant mice, loss of TNF␣ also resulted in reduced apoptosis, neutrophil, and macrophage infiltration post-UUO ( Figure 7 , C-E).
Molecular analysis of the double knock-out kidneys reveals reduced active MMP2 (62 kD) compared with TIMP3 Ϫ/Ϫ , although it remains higher than in the WT-UUO group ( Figure  8A ). Expression analyses further revealed significant reductions in a number of MMPs such as MMP7, MMP8, MMP9, and MMP12 in the TIMP3
kidneys ( Figure 8B ). MMP8 and MMP9 are produced by neutrophils 35 and MMP12 by macrophages. 36 Hence, the reduced levels of these MMPs are consistent with our finding of reduced neutrophil and macrophage infiltration
-UUO kidneys exhibited higher MMP2 activation compared with the WT-UUO, and greater levels of other MMPs compared with the sham groups, we examined whether inhibition of MMPs could further improve the kidney injury in TIMP3
/TNF␣ Ϫ/Ϫ mice received PD166793, a broad-spectrum MMP inhibitor that does not inhibit TACE, by daily gavage as before. 37 We found that MMP inhibition further improves post-UUO renal injury, as shown by gross morphology (Figure 8C ), and also restores renal fibrosis to the WT levels, with reduced levels of collagen type I and ␣SMA, two indicators of tissue fibrosis ( Figure 8D ). These data collectively indicate that the severe tubulointerstitial injury in the absence of TIMP3 is brought about by a combination of elevated MMPs with enhanced and accelerated activity of the TNF␣ path- BASIC RESEARCH www.jasn.org way, which together modulate cellular responses such as apoptosis, inflammation, and fibrosis.
Increased TIMP3 Levels in Human Kidney Disease
To determine the role of TIMP3 in patients with different types of nephropathies, we examined TIMP3 levels in patients with kidney diseases. We compared the core transplant biopsies from control patients with healthy kidneys and no morphologic abnormalities (Con; n ϭ 9; six men/three women, age ϭ 57 Ϯ 5 yr), patients with diabetic nephropathy that showed glomerulosclerosis (DN; n ϭ 10; six men/four women, age ϭ 61 Ϯ 7 yr), and patients with chronic allographt nephropathy (CAN; n ϭ 10; six men/four women, age ϭ 53 Ϯ 6 yr). Immunohistochemical staining for TIMP3 protein was graded by an experienced renal pathologist (A.M.H.) in a blinded manner. Staining was graded from 0 to 3ϩ in proximal tubules and arteries. In all biopsies examined, TIMP3 was most prominently expressed in the proximal tubules, with accentuation along the luminal brush border of the proximal tubular epithelial cells ( Figure 9A ). Proximal tubular brush border staining was significantly more intense in DN biopsies (2.41 Ϯ 0.83) and CAN biopsies (2.32 Ϯ 0.68) compared with Con biopsies (1.73 Ϯ 0.65, P Ͻ 0.05) ( Figure 7B ). Vascular staining was present primarily along the endothelium, in the intima, and along the internal elastic lamina ( Figure 7A ). Arteriolar and arterial staining was identified primarily in DN (2.63 Ϯ 0.54) and CAN (2.47 Ϯ 0.38) biopsies, and identified only focally in few cases of Con biopsies (1.12 Ϯ 0.82, P Ͻ 0.05) ( Figure 7B ). These results show that in human kidney disease TIMP3 is up-regulated primarily in the proximal tubular and vascular compartments, possibly as a protective mechanism aimed at minimizing renal damage. Ϫ/Ϫ kidneys, whereas expression of urokinase plasminogen activator was not altered, and plasminogen activator inhibitor was significantly increased in both genotypes (n ϭ 10 per group). MMP2 expression increased similarly in both genotypes, but MT1-MMP expression increased more significantly in TIMP3 Ϫ/Ϫ kidneys at 2 wk post-UUO. (C) TIMP1 levels increased significantly at 3 d and 2 wk post-UUO in both genotypes, with a markedly greater increase in the wild-type (WT) group at 2 wk post-UUO. TIMP2 levels increased similarly in WT and TIMP3 Ϫ/Ϫ mice, reaching statistical significance at 2 wk post-UUO (n ϭ 10 per group). AU, arbitrary unit. *P Ͻ 0.05 compared with sham (Sh)-operated group; ‡P Ͻ 0.05 compared with corresponding WT group. ney such as tubular dilation, apoptotic tubular cell deletion, and fibrosis, 38 tubulointerstitial injury occurs in a wide variety of diseases including diabetic nephropathy, chronic allograft nephropathy, and inflammatory kidney diseases. Tubulointerstitial inflammation and fibrosis are important prognostic markers of an adverse outcome in patients with a wide variety of kidney diseases. 39, 40 Interstitial fibrosis involves inflammatory cell infiltration; fibroblast proliferation; and an imbalance in synthesis, deposition, and degradation of ECM components. The key enzymes in regulating ECM integrity are MMPs and their endogenous inhibitors, TIMPs, which have been reported to play key roles in renal pathophysiology. 16, 17, 41 In this study, we show that TIMP3 deficiency influences the UUO-induced alterations in induction and activation of MMPs. For instance, activation of MMP2 occurs via the formation of a trimolecular complex composed of MT1-MMP, TIMP2, and pro-MMP-2. We have shown that TIMP3 exerts an inhibitory effect on this process, 42 which explains the , and phospho-to-total ratio for each MAPK are shown on the right. Phospho-to-total ratio for JNK1/2 shows a significant increase in TIMP3 Ϫ/Ϫ compared with that of the wildtype (WT) group, but similar changes for ERK1/2 and p38 between the two genotypes after unilateral ureteral obstruction (UUO) (n ϭ 5 per group). Phospho-to-total ratios for ERK1/2 and p38 show similar changes between the two genotypes after UUO. The right panels show the quantitative analysis for the western blots. (B) TUNEL staining shows a larger population of apoptotic cells in the TIMP3 Ϫ/Ϫ kidneys within 3 d of UUO that amplifies by 2 wk. Arrows indicate TUNEL positive cells. (C) Western blots show cleaved and total caspase 3, a molecular marker for apoptosis. Cleaved-to-total ratio for caspase 3 is enhanced in TIMP3 Ϫ/Ϫ kidneys, as evident from the higher levels of cleaved-tototal caspase 3 ratio at 3 d and 2 wks post-UUO (n ϭ 5). AU, arbitrary unit; p, phosphorylated. *P Ͻ 0.05 compared with sham-operated group; ‡P Ͻ 0.05 compared with corresponding WT group. BASIC RESEARCH www.jasn.org greater levels of cleaved 62 kD MMP2 in TIMP3-deficient kidneys. Indeed, this augmented MMP2 activation in TIMP3 Ϫ/Ϫ kidneys occurs in the absence of an increase in MMP2 mRNA levels. Enhanced MMP activation has been linked to progressive chronic kidney damage and tubulointerstitial fibrosis. 42 Although increased fibrosis in the face of enhanced MMP activity may seem counterintuitive, it has been reported that MMPs can activate the TGF␤1 complex, which subsequently activates fibroblasts and triggers collagen synthesis. 44 -46 The causal role of MMPs in tubulointerstitial fibrosis in our model is clearly demonstrated, because treatment with MMPi completely blocked renal fibrosis in TIMP3
In the absence of TIMP3, UUO results in a significantly greater fibroblast amplification and collagen synthesis, leading to markedly more severe interstitial fibrosis. We further determined that early up-regulation of TNF␣ signaling and activation of a number of MMPs after induction of UUO in TIMP3 Ϫ/Ϫ kidneys trigger interstitial inflammatory infiltration that further contributes to apoptosis and interstitial fibrosis. This is consistent with previous reports linking inflammatory infiltration to cytokine release, ECM imbalance, and fibrosis. 2,47,48 TNF␣ plays an important role in mediating renal fibrosis and dysfunction in response to UUO 31, 33 and chemotherapy-induced nephropathy. 49 TNF␣-induced injury is mediated via both its receptors, TNFR1 and TNFR2, with clear evidence for a proapoptotic role in renal tissue. 33, 49, 50 In this study we identify TIMP3 as a critical negative regulator of renal TNF␣ activity. In the absence of the negative regulatory function of TIMP3, TNF␣ further triggers apoptosis and inflammation, as also reported in a wide range of pathophysiological conditions. 49 In addition, the renal vasculature showed prominent pathologic changes in the TIMP3-deficient mice in a TNF␣-dependent manner. TIMP3 has previously been shown to be involved in kidney injury by regulating tissue fibrosis. 41 In this study we demonstrate that increased apoptosis in TIMP3 deficient kidneys preceded the development of marked interstitial fibrosis, suggesting that the latter may in part be a secondary process. Although we have shown a clear role of TNF␣ in mediating the renal injury, we cannot rule out a contributing role of other renal injury-inducing agonists such as TGF␣. 32, 51 Collectively, our data reveal a mechanistic dual role of TIMP3 in kidney disease, as a negative regulator of TACE/ADAM-17 and MMP axes. The pathophysiological importance of TIMP3 is fur- Ϫ/Ϫ kidneys at 3 d post-UUO, suggesting enhanced processing of TNF␣ protein by TACE early after disease in these mice compared with WT (n ϭ 5). TNF␣ mRNA production is increased similarly in TIMP3 Ϫ/Ϫ and WT kidneys (n ϭ 10 per group). (C) Western blots for NFB (nuclear factor Kappa-␤) on the nuclear and cytosolic fractions show greater nuclear translocation of NFB in TIMP3 Ϫ/Ϫ -UUO kidneys, as indicated by a higher nuclear-to-cytosolic ratio shown on the right (n ϭ 5). Histone was used as a loading control for the nuclear fraction and tubulin for the cytosolic fraction. Averaged nuclear-to-cytosolic ratio from four blots is shown on the right. *P Ͻ 0.05 compared with corresponding sham group. RFU, relative fluorescence units.
ther supported by the observation that TIMP1-null mice showed no differential response to unilateral ureteral obstruction 12 and overload proteinuria 16 compared with WT mice. This could be due to the early and marked up-regulation of TIMP3 coupled with high constitutive expression of TIMP3 in these mice. 12, 16 A role for TIMP3 is supported by our observations in human kidney biopsies, in which TIMP3 protein levels are elevated in patients with diabetic and chronic allographt nephropathy. The initial rise in TIMP3 levels followed by its marked reduction in our mouse UUO model is clearly associated with tubulointerstitial and vascular damage in the murine kidney, and so it is tempting to speculate that the up-regulation of TIMP3 in the proximal tubules and renal arteries in human kidney disease may be a compensatory change required to minimize renal damage and disease progression. Our results demonstrate an important role for TIMP3 in renal injury, thus enhancing TIMP3 effects could serve as a potential therapeutic strategy for the amelioration of renal tubulointerstitial injury.
CONCISE METHODS
Experimental Animals and Human Kidney Biopsies
TIMP3
Ϫ/Ϫ mice were generated as described previously, 52 and TNF␣ Ϫ/Ϫ mice were purchased from Jackson Laboratories. The TIMP3 Ϫ/Ϫ /TNF␣ Ϫ/Ϫ double knock-out mice were generated in our laboratory. All mice are from a pure C57BL/6 background. All animal experiments were performed in accordance with the Institutional Guidelines of University of Alberta and the Canadian Council on Animal Care.
Renal biopsies were performed as part of routine clinical diagnostic investigation. Informed consent was obtained from patients for use of archived human biopsy material and chart review in accord with institutional research ethics board review.
Unilateral Ureteral Obstruction
Ten-to 12-week-old male wild-type (WT), BASIC RESEARCH www.jasn.org the exact same surgical procedure without ligation of the ureter. Measurement of tail-cuff systolic BP plasma, creatinine, and urine protein electrophoresis for albuminuria were carried out as described previously. 10, 53 Ipsilateral kidneys were fixed in 10% formalin for immunohistochemical analysis, or flash-frozen in liquid nitrogen for further RNA and DNA analyses. No morphologic differences were observed in the contralateral kidneys between genotypes.
Immunohistochemistry, Light and Confocal Microscopy
Periodic acid Schiff (PAS) staining, immunostaining for collagen I and ␣-smooth muscle actin, and quantification using Image Pro Plus (Media Cybernetics, Crofton, MA) computer image analysis software were carried out as described previously. 54 Ten-micrometer sections from fixed kidneys were stained with Picrosirius red (PSR) and visualized using two-photon confocal microscopy (Zeiss LSM 510 META NLO). Neutrophils were stained using rat anti-neutrophil antibody (AbD Serotec, Raleigh, NC), and macrophages were stained using F4/80 staining, and quantified using Image-Pro plus software. Apoptosis was assessed by terminal deoxynucleotidyl transferase mediated end-labeling (TUNEL) using the ApopTag Plus kit (Intergen, Purchase, NY). TUNEL staining was quantified by counting positive nuclei per mouse kidney sec- tion. Immunohistochemical staining for human TIMP3 in kidney biopsy samples was carried out as described previously using an anti-human TIMP3 antibody from Chemicon (Temecula, CA). 15 For each staining, four fields per section, two sections per kidney, and five kidneys per group were examined unless otherwise stated.
Zymography, Activity Assay, Western Blot Analysis, and TaqMan
RT-PCR Analysis
Latent and cleaved MMP2 and MMP9 were detected by gelatin zymography. TACE activity was measured using a fluorometric assay kit (Innozyme from Calbiochem) according to the manufacturer's instructions. Western blot analysis for TIMP3 was performed on cortex and medulla tissue after microdissection of WT kidneys, using anti-TIMP3 antibody (Chemicon), and blotting for membrane-bound and soluble TNF␣ was performed as before. 10 Nuclear and cytosolic protein was extracted using an extraction kit from PIERCE. Urine protein electrophoresis for albuminuria was performed as before. 53 TaqMan real-time analysis was used to measure alterations in mRNA levels for the indicated genes, values were normalized by 18S levels as the internal control as before. 10 
Statistical Analysis
Comparisons between two groups were performed using the t test while comparisons involving more than two groups were performed by ANOVA followed by multiple comparison testing (Student-Neuman Keuls). Values are reported as mean Ϯ SEM. Statistical significance is recognized at P Ͻ 0.05. . Increased tissue inhibitor of matrix metalloproteinases 3 (TIMP3) expression in human kidney disease based on immunohistochemical staining in human kidney biopsies. (A) Increased TIMP3 staining in kidney biopsy samples from patients with diabetic nephropathy (DN) (n ϭ 10) and chronic allograft nephropathy (CAN) (n ϭ 10) compared with controls (Con) (n ϭ 9) particularly confined to the proximal tubular and vascular compartments. (B) Averaged semiquantitative analysis shows significantly increased TIMP3 staining in kidney biopsies from patients with type 2 diabetes mellitus and chronic allograft nephropathy. *P Ͻ 0.05 compared with the control group.
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